The DNA-binding proteins PF1 and GT-2 are factors that bind to different functionally defined, positively acting cis-elements in the PHYA genes of oat and rice, respectively. PF1 is an HMG-I/Y protein, with its cognate cis-element being an AT-rich sequence, designated PE1, whereas GT-2 is a transcriptional activator with twin DNA binding domains that recognize a triplet of GTboxes in a complex motif designated GTE. To further define the DNA-binding activity of PF1 and to explore potential inter-relationships between the two factors, we have performed a series of in vitro DNA-binding experiments with both PE1 and GTE target sites. The data show that, consistent with its membership of the HMG-I/Y protein family, PF1 can bend DNA when bound to PE1. In addition, PF1 can bind promiscuously, with varying affinity, to other AT-containing motifs, including GTE. When co-incubated with GT-2, PF1 enhances the specific DNA-binding activity of GT-2 toward GTE, the first report of such activity for a plant HMG-I/Y protein. This enhancement takes place without demonstrable physical contact between the two proteins, suggesting the possibility of a novel, indirect mechanism of recruitment involving DNA target-site pre-conditioning. The evidence indicates therefore that PF1 and GT-2 do not perform functionally equivalent roles in positively regulating oat and rice PHYA gene expression. However, the data suggest the possibility that PF1 may act as an architectural factor, promiscuously recognizing a spectrum of AT-containing elements in plant promoters, with the general function of catalyzing enhanced binding of conventional cognate transcriptional regulators to these elements via DNA bending.
Introduction
In monocotyledons, the expression of the phytochrome A gene (PHYA) is down-regulated by phytochrome (phy) itself after red (R) or far-red (FR) irradiation. This autoregulation is the most rapid light-induced effect on gene expression reported in plants, occurs at the transcriptional level, and takes place without the synthesis of new protein components, thus indicating that the PHYA gene is directly regulated by the phyA signaling pathway (Lissemore and Quail, 1988) . Because of these features, the rapid transcriptional repression of PHYA expression by phy itself has been used as a model system to understand how phy controls gene expression. Three functionally active DNA sequence elements are present in the minimal promoter of PHYA genes from both oat and rice Bruce et al., 1991; Dehesh et al., 1990; Dehesh et al., 1992) . Each promoter contains two constitutively active, synergistically positive elements that drive high level transcription in the absence of photoactivated phy and a single negative element that imposes transcriptional repression on the gene in response to phy photoactivation. In the oat PHYA promoter, the two positive elements were designated PE1 (-368 bp to -346 bp) and PE3 (-111 bp to -81 bp), and the negative element RE1 (-80bp to -70 bp) Bruce et al., 1991) . In the rice PHYA promoter the downstream positive element and the repressor element are homologous in sequence to the ones found in the oat promoter, whereas the upstream positive element, designated GT-box element (hereafter GTE), shows no recognizable sequence similarity to the oat PE1 motif. Whereas the oat PE1 is an AT-rich sequence, the rice GTE sequence (between -228 to -219 bp; Dehesh et al., 1990) consists of a triplet of GT boxes (GT1-, GT2-and GT3-boxes) related to the motif GTGTGGTTAAT that has been implicated in the phytochrome-regulated expression of a pea rbcS gene and is bound by the GT-1 factor . Based on these observations, it has been speculated that PHYA promoters are modular in structure, sharing one conserved TATA-proximal positively acting element, PE3, and each having a second divergent but functionally equivalent TATA-distal element, recruited to support transcriptional activation in different plant species (Quail, 1991) .
The identification of protein-DNA interactions involved in transcriptional regulation of the PHYA gene is an essential step in the elucidation of the components of the light-induced signal transduction pathway and their mechanism of action (reviewed in Terzaghi and Cashmore, 1995; Tobin and Kehoe, 1994) . By South-Western screening, a rice cDNA was isolated using as a probe the PE1 region of the oat PHYA promoter (Nieto-Sotelo et al., 1994) . The cDNA encodes PF1, a small protein that belongs to the high mobility group (HMG) family, a heterogeneous class of abundant nuclear proteins which have been classified into three distinct families: HMG-1/2, HMG 14/17-like, and HMG-I/Y (reviewed by Bustin et al., 1990; Grasser, 1995) . PF1 contains four repeats of the 'AT-hook' motif, characteristic of the HMG-I/Y family, which mediates binding to the narrow minor grove of AT-rich DNA (Reeves and Nissen, 1990) . Mammalian HMG-I/Y (mHMG-I/Y) proteins have been implicated in the regulation of several cellular gene promoters, including β-interferon (Thanos and Maniatis, 1992) , interleukin-4 (Chuvpilo et al., 1993) , interleukin-2 receptor α-chain (John et al., 1995) , lymphotoxin (Fashena et al., 1992) , and E-selectin promoters (Lewis et al., 1994) . With the exception of the interleukin-4 gene, mHMG-I/Y stimulate promoter activity. Although mHMG-I/Y proteins have no intrinsic ability to activate transcription, they serve as promoter-specific accessory factors that regulate the function of other transcription factors (Du and Maniatis, 1994; Lewis et al., 1994; Thanos and Maniatis, 1992; Whitley et al., 1994) , facilitating the assembly of an enhanceosome, a higher order nucleoprotein complex involved in stimulating transcription (reviewed in Carey, 1998) . In the case of the β-interferon gene, HMG-I/Y seems to enhance gene transcription by reducing the intrinsic curvature of the DNA sequence it binds, stabilizing the formation of the enhanceosome (Falvo et al., 1995) . This structural role serves to classify mHMG-I/Y as architectural factors (Werner and Burley, 1997) .
Another rice protein, GT-2, was isolated by SouthWestern screening using as a probe a part of GTE, the functional element equivalent to the oat PHYA PE1 region (Dehesh et al., 1990; Dehesh et al., 1992) . GT-2 contains two DNA-binding domains, one in each of the N-and C-terminal halves of the polypeptide, designated as the trihelix motif, and a series of acidic and proline/glutaminerich domains (Dehesh et al., 1992) . The two halves of the GT-2 polypeptide were found to bind independently to DNA with high target sequence selectivity. Rice GT-2 can function as a transcriptional activator in vivo (Ni et al., 1996) , so it is likely that it functions as a constitutive transcriptional activator driving rice PHYA expression (Dehesh et al., 1990; Dehesh et al., 1992; Dehesh et al., 1995) .
The differences in sequence, structure, binding specificity and transcriptional activity between PF1 and GT-2 suggest that they may play different roles in PHYA promoter transcriptional regulation. In this study we have examined the potential capacity of PF1 to bend DNA and to influence the binding of GT-2 to its own cognate cis-element, an AT-rich motif to which PF1 can also bind. The biological relevance of these findings is discussed. © Blackwell Science Ltd, The Plant Journal, (1999), 18, 173-183 
Results
Rice PF1 bends DNA when bound to PE1
To examine whether PF1 can change DNA curvature at its target-binding site, PE1, a circular permutation assay (Wu and Crothers, 1984) was carried out. A fusion protein of PF1 with glutathione S-transferase (GST:PF1) was expressed in E. coli and used as a source of PF1. For the generation of circular permutated DNA probes, the PE1 region was inserted in the bending vector pJF115 between duplicated 120 bp DNA fragments comprising several restriction sites. Cleavage with different restriction enzymes yielded a set of DNA fragments of identical length and circularly permutated with respect to the PE1 region ( Figure 1a , fragments a-g). These DNA fragments were labeled and incubated with purified recombinant GST:PF1, and the complexes analyzed by electrophoretic mobility shift assay (EMSA). As seen in Figure 1b , complexes formed with a probe containing PE1 near the center of the fragment migrated less than the complexes formed with a probe in which PE1 is located near the ends. Moreover, the mobility of the DNA-protein complexes did not change with the amount of protein used in each binding reaction (Figure 1c) , indicating that the differences in migration of the bound probes were not due to changes in the stochiometry of the DNA-protein complexes. DNA cyclation analysis using probes 'a' and 'e' (Figure 1a ) indicated that circular DNA production in this assay was dependent on the amount of GST:PF1 in the reaction (data not shown). Together, these data indicate that PF1 induces DNA bending when bound to PE1.
To determine the center of the bending in the DNA helix, the relative mobilities were plotted as a function of the position of the center in each probe in relation to one end of the whole fragment (Figure 1d ). The lowest point of the plot mapped the bending center to one end of PE1, around the AATAA sequence (Figure 1d ). DNA distortion induced by the binding of PF1 to the PE1 region generated an apparent bending angle of 81 Ϯ 1°(average of four experiments), as estimated according to Thompson and Landy (1988) .
PF1 recognizes AT rich sequences other than PE1, including rice GTE In order to better characterize the binding abilities of PF1, three different DNA probes were used in EMSA (Figure 2a ). (i) T5, which contains a single 5 bp AT tract; (ii) T5-6-T5, with two AT tracts of 5 bp separated by 6 GCs; and (iii) PE1. Probe T5 represents a low affinity binding site for mHMG-I/Y proteins, whereas probe T5-6-T5 represents a single multivalent high affinity binding site (Maher and Nathans, 1996) . Increasing amounts of GST:PF1 were incubated with a constant amount of the three labeled probes. The results shown in Figure 2b indicated that PF1 binds to all three sequences but with different apparent affinities. Based on the relative intensities of the bindingcomplex bands, GST:PF1 binds to PE1 with fivefold higher apparent affinity than to the T5-6-T5 sequence, and more than 25-fold higher apparent affinity than to the T5 sequence. The mobility of the binding complex of PF1 with the different probes tested in our assays did not significantly change, suggesting that the number of PF1 binding sites in the different probes was the same. The data indicate that, similarly to mHMG-I/Y, PF1 can promiscuously bind to AT tracts in general, but affinity increases when there are more than one tract with the proper spacing between them.
A closer examination of the rice GTE sequence showed the presence of three AT tracts (9, 7 and 5 ATs) with a spacing of 5 and 19 bp between them ( Figure 3a) . This raised the possibility that GTE might represent at least a single multivalent high affinity HMG-I/Y protein-binding site (Maher and Nathans, 1996) in addition to being the target site for GT-2. To test this possibility, in vitro binding experiments were carried out using GST:PF1 protein and both oat PE1 and rice GTE as probes. The PE1 probe used in this experiment included the AT-rich sequences protected by recombinant PF1 in a DNaseI protection assay (Nieto-Sotelo et al., 1994) , upstream of the functional PE1 region defined by Bruce et al. (1991) . This sequence is 27 bp longer than the PE1 region subcloned in the bending vector ( Figure 1a ) and the PE1 probe in Figure 2 , and therefore we call it 'extended PE1' (xPE1). Both oat xPE1 and rice GTE probes are about the same size and contain several AT-tracts (four tracts in oat xPE1; three tracts in rice GTE), and therefore several putative high affinity binding sites. Figure 3b shows binding complexes between GST:PF1 and both probes. The different migration of the multiple binding complexes, generated with increasing PF1 concentrations, probably reflects the different occupancies (c) EMSA of GT-2 binding to probes xPE1 and GTE. The amounts of GT-2 used are 0, 0.14, 0.34, 0.68, 1.7 and 3.4 ng (lanes 1-6, respectively). *PF1-probe complex (b) or GT-2-probe complex (c); arrow ϭ free probe. © Blackwell Science Ltd, The Plant Journal, (1999), 18, 173-183 of the probes with one or more binding sites bound. The pattern of PF1 binding thus suggests structural similarities in the sequences of these two divergent positive elements from oat and rice. Binding experiments were also performed using GT-2 protein and the same DNA probes as above. GT-2 was produced in E. coli as a fusion protein containing a His 6 tag in the N-terminal end and the flag tag in the C-terminal end to purify the full-length protein.
The EMSA showed that, unlike PF1, purified GT-2 binds to rice GTE with higher apparent affinity than to oat xPE1 ( Figure 3c and data not shown). Thus, our results indicate that the rice GTE contains binding sites for at least two different factors: PF1 and GT-2. This raised the question of whether PF1 and GT-2 proteins could interact when bound to GTE.
PF1 and GT-2 proteins are present in young rice shoots GT-2 is expressed constitutively in rice seedlings and is not affected by light (Dehesh et al., 1995) . To confirm that PF1 is present in the tissues where GT-2 is expressed, Western analyses were performed using young rice seedlings grown in the dark and exposed to light for up to 6 h. PF1 shows the same pattern of expression as GT-2 and, in contrast to the expression pattern of PHYA, its levels are not affected by light treatment (Figure 4) . Although not definitive, this co-expression pattern is not inconsistent with the possibility of an in vivo interaction between PF1 and GT-2 when binding to the GTE sequence of the PHYA promoter.
PF1 enhances the specific binding of GT-2 to GTE in vitro To investigate the possibility of an interaction between PF1 and GT-2, we used purified GST:PF1 and His:GT-2:flag proteins in binding assays with GTE. Binding of GT-2 alone to GTE was detectable only with the highest amount of protein tested in this experiment, 1.7 ng (Figure 5a , lanes -PF1). However, the addition of GST:PF1 resulted in an order of magnitude increase of GT-2 binding to the DNA (Figure 5a, lanes ϩPF1) . The radioactive counts corresponding to the GT-2 binding complex were quantified using a PhosphorImager, and the values plotted against the amount of GT-2 protein used per binding reaction (Figure 5b ). The amount of radioactivity bound by GT-2 was between 4 and 25 times higher in the presence of GST:PF1 than with the same amount of GST. This enhancement of the GT-2 DNA-binding activity by PF1 was at its maximum when the molar ratio GST:PF1/GT-2 was at least 19.6. In a reverse experiment, the amount of GT-2 was kept constant (0.68 ng) while simultaneously increasing the amount of GST or GST:PF1 proteins. A GT-2 binding complex was barely detectable and independent of the amount of GST that was added (from 0 to 15 ng, Figure 5c , lanes -PF1). In the presence of increasing amounts of GST:PF1, the GT-2 complex was clearly detected with as little as 1 ng of GST:PF1 and its intensity increased with the amount of GST:PF1 added (Figure 5c ; lanes ϩPF1). The quantification of the GT-2 binding complex by PhosphorImager showed that its intensity reached a plateau when at least 10 ng of GST:PF1 were added (corresponding to a molar ratio GST:PF1/GT-2 of 39). The (b) After quantification using a PhosphorImager system of the autoradiography of (a), the counts corresponding to GT-2 binding complex (arbitrary units) were plotted against the amount of GT-2 protein added per binding reaction, in the absence of PF1 (-PF1 plot) or in the presence of PF1 (ϩPF1 plot). (c) Rice GTE probe was incubated with 0.68 ng of GT-2 protein (ϩGT-2) in the presence of increasing amounts of GST (-PF1) or GST:PF1 (ϩPF1). The amounts of GST or GST:PF1 added were: lane 2, 0 ng; lane 3, 0.2 ng; lane 4, 1 ng; lane 5, 5 ng; lane 6, 10 ng; lane 7, 15 ng. Lane 1, probe incubated in the absence of any protein.
(d) After quantification by PhosphorImager of the autoradiography of (c), the counts corresponding to GT-2 binding complex (arbitrary units) were plotted against the amount of GST (-PF1 plot) or GST:PF1 (ϩPF1 plot) protein added per binding reaction. FP ϭ free probe. enhancement of the GT-2 DNA-binding activity by GST:PF1 was 11-18 times over the GST values (Figure 5d) . Thus, our results show that PF1 enhances the binding of GT-2 protein to GTE in the rice PHYA gene promoter. To test if the affinity of GT-2 for GTE was affected by the addition of GST:PF1, the dissociation constant (Kd) was determined by titrating a fixed amount of GT-2 (plus 5 ng of GST or GST:PF1) with increasing concentrations of GTE DNA. The ratio of Kd -PF1 to Kd ϩPF1 , calculated by Scatchard plots, was estimated to be 1 (data not shown). This result indicates that the actual affinity of GT-2 for GTE DNA was not affected by the presence of GST:PF1.
We wanted to determine whether PF1 could work independently with each of the two DNA-binding domains of GT-2. To answer this question, the N-terminal (residues 1-262, GT-2N) and C-terminal (residues 463-737, GT-2C) ends of the GT-2 molecule were expressed in E. coli as His-fusion proteins (Figure 6a ), and then purified and assayed in EMSA against GTE. As previously shown, both polypeptides were able to bind this element, giving DNAprotein complexes in our assay (Figure 6b ; Dehesh et al., 1992; Ni et al., 1996) . The pattern of DNA-binding complexes was different when the GT-2N or GT-2C polypeptides were assayed: at low protein concentrations of GT-2N (1-2 ng), two main DNA-protein complexes were detected. At higher protein concentrations of GT-2N (5-15 ng), a third slower migrating DNA-protein complex appeared (Figure 6b ). In contrast, the GT-2C protein mostly gave a single main DNA-protein complex which was stronger in intensity the higher the amount of protein added. The differences in occupancy of the GTE probe may be the consequence of the differences in binding affinities and specificities between the N-terminal and C-terminal DNAbinding domains for the GT1-GT2-and GT3-boxes within the rice GTE element (Dehesh et al., 1992; Ni et al., 1996) . Next we studied the effect of the addition of PF1 on the binding activity of both GT-2 derivative polypeptides. When increasing amounts of GT-2N were incubated with DNA probe in the presence of GST:PF1 (5 ng), the intensity of the slow migrating complex increased when compared with the GST control (Figure 6c, lane 5, left panel) . Similarly, when increasing amounts of GT-2C were incubated with DNA probe in the presence of GST:PF1 (5 ng), the intensity of the binding complex corresponding to GT-2C was stronger than the corresponding GST control (Figure 6c (e) GT3-box probe was incubated with 0.5 ng of GT-2N in the presence of either increasing amounts of GST (-PF1) or GST:PF1 (ϩPF1). (f) GT2-box probe was incubated with 0.5 ng of GT-2C in the presence of either increasing amounts of GST (-PF1) or GST:PF1 (ϩPF1). In (e) and (f): lane 1, 5 ng; lane 2, 10 ng; lane 3, 15 ng. PF1 ϭ PF1-probe complex; *GT-2N-or GT-2C-probe complexes, arrow ϭ free probe.
resulting in intramolecular co-operative binding to a high affinity binding site in the DNA (Yie et al., 1997) . In order to test if PF1 modulated the GT-2 binding affinity with reduced points of contact to the DNA, the individual GT2-and GT3-box from the rice GTE (Ni et al., 1996) were used as probes in EMSA. Both sequences contain a single AT tract of 7 and 5 bp and are low affinity binding sites for PF1 (Figure 6d ). Interestingly, PF1 did not stimulate the DNA binding activity of GT-2N (Figure 6e ) and GT-2C (Figure 6f ) to these probes, at least not to the extent observed for the whole GTE (Figure 6c ), indicating that PF1 binding to these sequences is not sufficient to increase the GT-2 DNA binding. Therefore, either high-affinity binding or two-point contact to the DNA is required for PF1 to enhance GT-2 DNA-binding activity. To map the region(s) of PF1 involved in DNA bending and in increasing the binding activity of GT-2 toward its target site, three truncated versions of PF1 were overexpressed in E. coli as GST-fused proteins (Figure 7a ). PF1∆H lacked the region showing similarity to histone H1, and PF1∆2C and PF1∆2N lacked the two C-terminal and two N-terminal AT-hook motifs, respectively. All three truncated derivatives of PF1 were able to bind both PE1 (Figure 7b ) and GTE regions (Figure 7d ) and bend the DNA (using for that purpose the same probes a to e as in Figure 1 that contained PE1; Figure 7c ). The DNA binding activity was reduced in all three cases, with the largest effect in the case of the mutant PF1∆2N. However, this did not affect significantly the apparent bending angle compared to the rest of the truncated PF1 proteins (Figure 7c) . The results indicate that the H1-like region, apparently not directly involved in DNA-binding (Nieto-Sotelo et al., 1994) , has a quantitative effect on bending, and all PF1 regions seem to be necessary for maximum binding and bending. On the other hand, all three PF1 mutants increased the GT-2 DNA-binding activity to a similar extent to that of fulllength PF1 (Figure 7e ). Our results indicate that this effect does not require PF1 to bind DNA with high affinity because PF1∆2N increased the DNA-binding activity of GT-2 to a similar extent to that of full-length PF1, which binds much more strongly to DNA.
Discussion
PF1 is an architectural factor that promiscuously binds AT-rich DNA The data presented in this paper provide evidence that PF1, a plant HMG-I/Y protein, functions as an architectural factor because it alters the conformation of the DNA to which it binds, inducing a bend (Figure 1) . Interestingly, unlike mHMG-I/Y proteins, which only induce modest changes in DNA structure (Falvo et al., 1995) , PF1 locally induces a sharp bend in the DNA (Figure 1) .
It has been established that mHMG-I/Y can bind to almost any AT-rich sequence longer than 4 or 5 bp (Solomon et al., 1986) . In addition, they can bind with high affinity 2 or 3 AT tracts (4-7 ATs) spaced by 5-8 bp between them. These sequences represent a single multivalent high affinity mHMG-I/Y protein-binding site. Thus, randomly spaced pairs of short AT-rich sequence in the genome are lowaffinity binding sites for mHMG-I/Y proteins. In contrast, AT tracts properly spaced (AT-rich sequences that lie on the same face of the DNA helix) constitute high-affinity binding sites for mHMG-I/Y proteins (Maher and Nathans, 1996) . Several cDNAs encoding HMG-I/Y proteins have been isolated from plants (reviewed by Grasser, 1995; Gupta et al., 1997a; Gupta et al., 1997b; Yamamoto and Minamikawa, 1997) , but little is known about their binding specificities. Binding site selection experiments performed with a pea HMG-I/Y showed that it binds to DNA sequences containing 5 or more AT bp (Webster et al., 1997) . Surprisingly, these authors only found one sequence containing two AT tracts of 5 bp out of 14. PF1 also binds to AT tracts of 5 bp (probe T5, Figure 2a ), but its apparent affinity for DNA is greatly increased when two or more spaced AT tracts of at least 5 bp are present in the DNA (probes T5-6-T5 and PE1 in Figure 2 ; xPE1 and GTE in Figure 3) . Our results show that PF1, like mHMG-I/Y proteins, can bind to a broad range of DNA sequences, some containing more than one AT tract that would represent a single multivalent high affinity binding site (Maher and Nathans, 1996) .
Apart from the conserved AT-hook motif, the plant proteins show little resemblance to the mHMG-I/Y group. Plant HMG-I/Y (approximately 21 kDa) are roughly twice the size of their mammalian counterparts (approximately 11 kDa). In addition, the N-terminal region shows sequence similarity to the N-terminal region of histone H1 (reviewed in Grasser, 1995; Gupta et al., 1997a; Gupta et al., 1997b; Yamamoto and Minamikawa, 1997) . However, the expression of plant HMG-I/Y seems to correlate with the presence of meristematic or other undifferentiated cell types (Meijer et al., 1996) , similar to the situation with mHMG-I/Y genes (Johnson et al., 1990; Manfioletti et al., 1990) . Our results support the idea that plant HMG-I/Y, although different in structure, may share biochemical and functional properties with mHMG-I/Y, binding DNA promiscuously, specifically recognizing some AT-rich sequences, bending the DNA, and therefore functioning as architectural factors.
PF1 regulates the binding activity of GT-2 mHMG-I/Y proteins have been implicated in the regulation of a number of cellular gene promoters which contain ATrich binding sites in close vicinity to, or contained within, binding sites for known transcription factors such as NF-κB, Elf-1, SRF and ATFs. mHMG-I/Y proteins have been shown to directly interact with these transcription factors and increase their DNA-binding affinities (Chin et al., 1998; Du and Maniatis, 1994; Lewis et al., 1994; Thanos and Maniatis, 1992; Whitley et al., 1994) . The in vitro binding of PF1 to GTE from the rice PHYA promoter (Figure 3b ) and its coexpression pattern with GT-2 in rice seedlings (Figure 4 ) suggested the possibility of a similar interaction between PF1 and GT-2. Our data show that PF1 does positively modulate the DNA-binding activity of GT-2 for GTE ( Figure 5 ). This could be explained by increases in either (i) the GT-2 affinity for the DNA; (ii) the proportion of GT-2 protein molecules active in specific DNA binding (Moyano et al., 1996) ; or (iii) the effective number of receptive target sites. Scatchard analysis indicates that this effect occurs without an increase in the binding affinity of GT-2 for its binding site (data not shown). Thus, the regulation of GT-2 DNA-binding activity by PF1 appears to result from an increase either in the proportion of binding competent GT-2 molecules, or in the availability of binding competent DNA target sites.
The enhancement of GT-2 DNA-binding activity by PF1 raises several questions about the molecular mechanism involved: (i) does PF1 participate in the final complex; (ii) does PF1 interact physically with GT-2; and (iii) is the PF1-induced bending related to the enhancement of GT-2 DNAbinding activity? No binding complex of slower migration than PF1 was detected in our assays when co-incubated with truncated GT-2 polypeptides (Figure 6c ), indicating that PF1 does not participate in the final DNA-protein complex. However, the possibility of transient proteinprotein contacts between the two factors cannot be excluded by these data. All three PF1 truncated derivatives enhanced the DNA-binding activity of GT-2 (Figure 7e ), indicating that no single domain in PF1 is responsible for this molecular function. Since only very short amino acid stretches are present in all three PF1 derivatives, the enhancement of GT-2 DNA-binding activity is unlikely to be due to single contacts between the two molecules. In addition, when using the yeast two hybrid system, known to be very sensitive to low affinity interactions, we were unable to detect protein-protein interactions between PF1 and GT-2 (data not shown). Taken together, these observations suggest that PF1 and GT-2 do not establish either transient or stable protein-protein contacts. PF1 does not need to bind with high apparent affinity to GTE to modulate GT-2 DNA binding (PF1∆N2; Figure 7e) . However, the low binding activity of full-length PF1 to the single GT2-and GT3-boxes is not sufficient to activate GT-2 binding (Figure 6d,e,f) . All the truncated PF1 derivatives contained at least two AT-hooks, ensuring the possibility of two-point contact with rice GTE. In contrast, the individual GT2-and GT3-box probes contain only single AT tracts which would allow only one-point contact between PF1 and the DNA. Our data indicate that PF1 probably needs at least two-site contact with the DNA to exert an effect on GT-2. This result suggests that the regulation of GT-2 DNA-binding activity by PF1 is exerted through the interaction of PF1 with the DNA, thus favoring the conclusion that the effect of PF1 depends on the availability of receptive DNA target sites and establishing a connection with its bending activity.
Like its mammalian homologs, PF1 is able to increase the binding activity of the transcriptional activator GT-2, but unlike them it appears to do so without detectable physical interaction between the two proteins. Therefore, the enhancement of GT-2 DNA-binding activity by PF1 may be achieved by a different mechanism. How might PF1 enhance the DNA-binding activity of GT-2 without interacting physically with it? PF1 binds and bends PE1, so it binds and probably bends GTE. It is possible that GT-2 might only bind bent GTE. Bent DNA molecules may occur at random in the population of molecules, but the addition of PF1 would result in a higher proportion of bent GTE and, therefore, in an increase in the number of GTE molecules to which GT-2 is able to bind (without increasing the affinity per se of GT-2 for the DNA). Thus, GT-2 could be recruited with higher probability to the promoter element thereby competing with, and eventually displacing, PF1 from the binding complex. The decrease in the level of the PF1-DNA complex at high GT-2 concentrations without an obvious change in GT-2-DNA complex mobility (Figure 5a , right panel, lane 7; Figure 6c , lanes 5 ϩPF1) appears to be consistent with this possibility. Thus, the mechanism by which PF1 stimulates GT-2 binding might be to 'pre-condition' the target site to make recognition more favorable.
Biological implications
Our findings have implications both for the specific case of PHYA gene promoter activity and, more generally, for the functional role of the HMG-I/Y class of proteins in modulating gene expression in eukaryotic cells. It is broadly assumed that the role of transcriptional activators is to interact with and thereby recruit the components of the pre-initiation complex to DNA (Ptashne and Gann, 1997) . Therefore, one of the molecular roles of HMG-I/Y proteins may be to help to recruit the 'recruiters' to DNA by 'preconditioning' the target sites. Since the activator DNAbinding step is a key regulatory point in transcriptional activation in vivo (Calkhoven and Ab, 1996) , the observed in vitro effect of PF1 on the binding activity of GT-2 for the rice GTE could result in an increase of the transcription of the gene supported by GT-2, namely PHYA.
Element exchange experiments between the oat and rice PHYA promoters show that xPE1 and GTE are reciprocally interchangeable in activating these promoters (W.B. Bruce and P.H. Quail, unpublished results) . The ability of PF1 to recognize sequences in the rice GTE suggests the presence of common structural features in both TATA-distal positive elements from rice and oat PHYA promoters that can help to support transcriptional activation. This is not reciprocal for GT-2: it cannot bind to the oat xPE1, at least not with similarly high affinity (Figure 3c ). In contrast to what has been suggested previously (Nieto-Sotelo et al., 1994) , the different biochemical and molecular properties of PF1 and GT-2 proteins (size, binding specificities, transcriptional and bending activities) strongly suggest that these two nuclear proteins are not functionally equivalent positive factors in the regulation of rice and oat PHYA genes. It seems more likely that oat PE1 is recognized by one or more other constitutively expressed transcriptional activators, whose DNA-binding activity might also be regulated by PF1. The isolation of this other factor(s) could help us to better understand the mechanism by which phyA regulates its own gene expression.
The possible presence of putative binding sites for HMG-I/Y proteins overlapping with known binding sites for other transcription factors should not be overlooked as they may be functionally significant. Many cis-elements recognized by plant transcription factors contain AT-rich motifs within their sequences, including myb (Solano et al., 1995; Wang et al., 1997) , GT-1 (Perisic and Lam, 1992) , 3AF1 (Lam et al., 1990) , MADS-box (Riechmann et al., 1996) , homeodomain (Sessa et al., 1993) , and Dof binding sites (Yaganisawa, 1997) . It is possible that the promiscuous HMG-I/Y proteins have a general role in regulating the DNA-binding activity of many of these transcription factors, thereby regulating transcription. Since the expression of plant HMG-I/Y proteins seems to correlate with the presence of meristematic or other undifferentiated cell types (Meijer et al., 1996) , they could act as a developmental switch that controls and synchronizes the activity of the corresponding transcription factors expressed in this type of cells (reviewed in Meshi and Iwabuchi, 1995) . Alternatively, they might simply be recruiters of certain specific transcription factors to a given promoter. The apparent lack of the need for specific protein-protein contacts to exert their effect would not constrain the nature and number of transcriptional regulators and would thereby confer the capacity to recruit a broad spectrum of otherwise unrelated factors.
Experimental procedures

Plasmid construction
Standard cloning techniques were used as described by Sambrook et al. (1989) . DNA was sequenced using an ABI 373 sequencer. The EcoRI insert from pR4 (Nieto-Sotelo et al., 1994) was subcloned into the expression vector pGEX-4T1 (Pharmacia Biotech, Piscataway, NJ, USA) to give pG-PF1 (encoding a polypeptide that contained the GST sequence fused to the N-terminal end of PF1). Truncated versions of PF1 were prepared after digesting pG-PF1 with (i) NcoI-SacI; (ii) NruI-XhoI; and (iii) SacISphI. Double-stranded oligos were ligated with the digested vector (i) (5Ј-CAT-GGC-GAC-CGA-GGA-GCA-GAC-CGG-CGA-GCT-3Ј and 5Ј-CGC-CGG-TCT-GCT-CCT-CGG-TCG-C-3Ј); (ii) (5Ј-CGT-GAT-GAA-TTC-CCG-GGT-CGA-C-3Ј and 5Ј-TCG-AGT-CGA-CCC-GGG-AAT-TCA-TCA-CG-3Ј); and (iii) (5Ј-CAA-GGC-CAC-CAG-TGG-CAT-G-3Ј and 5Ј-CCA-CTG-GTG-GCC-TTG-AGC-T-3Ј) to give pG-PF1∆H, pG-PF1∆2C and pG-PF1∆2N, respectively (Figure 7a ). The EcoRI insert containing the full-length GT-2 cDNA clone (Dehesh et al., 1992) was subcloned into pRSETb (Invitrogen Corp., San Diego, CA, USA) to give pR-GT2. A flag tag was added to the C-terminal end after the last amino acid, with a pair of annealed oligos (5Ј-CAT-GGT-TCA-AGA-CTA-CAA-GGA-CGA-CGA-TGA-CAA-GTA-AG-3Ј and 5Ј-AAT-TCT-TAC-TTG-TCA-TCG-TCG-TCC-TTG-TAG-TCT-TGA-AC-3Ј) that introduced the last three amino acids from the GT-2 protein (from the NcoI site) and the sequence corresponding to the tag. This construct encoded a polypeptide containing GT-2 flanked by a His 6 tag in its N-terminal end and a flag tag in its C-terminal end. Truncated GT-2 versions were obtained as follows: (a) pR-GT2 digestion with HindIII and re-ligation of the resulting vector (to give pR-GT2N) and (b) subcloning the XhoI-EcoRI fragment from pR-GT2 into pRSETa (to give pR-GT2C) (Figure 6a) . A bending vector (pJF115) was constructed swapping the SacI-KpnI polylinker of pBS SK ϩ for GAgctc-tca-cgc-gtg-ttg-tac-acc-aga-tct-ggt-ccg-gag-agc-tag-cgcgtg-cac-acc-cat-gga-cac-tag-tgt-ctc-gag-agg-ccg-gct-cgg-atc-cagcgg-ccg-aga-agc-ttg-g-TCTAGACGGTCGAC-tca-...-tgg-GGTACC. PE1 flanked by XhoI overhanging ends was subcloned into SalI site (upper case underlined letters) of pJF115. The restriction sites used to obtain the circularly permutated probes are indicated in lower case underlined letters.
Expression in E. coli and protein extract preparation Freshly transformed bacteria (E. coli, BL21 (DE3) pLysS strain) were grown in the presence of 2.5 mM betaine and 660 mM sorbitol (Blackwell and Horgan, 1991) at 28-30°C. Production of the recombinant protein was induced with 1 mM isopropyl-β-Dthiogalactopyranoside (IPTG) for 3-4.5 h. After induction, cells were harvested by centrifugation and stored at -80°C. Cell pellets were resuspended in lysis buffer (50 mM NaH 2 PO 4 pH 8, 300 mM NaCl, 0.5% (v/v) Triton X-100, 10% (v/v) glycerol, 1ϫ protease inhibitor cocktail (Boehringer Mannheim GmbH, Mannheim, Germany) and supplemented with 20 mM imidazol for His 6 tag proteins), subjected to three freeze-thaw cycles, incubated on ice for 30 min and sonicated. The lysate was centrifuged (10 000 g, 15 min, 4°C) and the supernatant used for the purification of the GST-fused proteins on Glutathione Sepharose 4B (Pharmacia Biotech), or His 6 -tagged proteins on Ni-NTA resin (Qiagen Inc, Valencia, CA, USA), following the manufacturer's instructions. When purifying full-length GT-2, a second step purification using anti-Flag M2 affinity gel (Eastman Kodak Co, New Haven, CN, USA) was carried out. After elution, protein solutions were stored in aliquots at -80°C. Dilutions from these stocks were prepared using elution buffer containing 0.5% (v/v) Triton X-100. Protein concentration was measured as described previously (Bradford, 1976) .
Electrophoretic mobility shift assays (EMSAs) DNA probes were labeled by filling in 3Ј recessed termini with the two first [α-32 P] dNTPs that matched the restriction site, using the Klenow fragment of DNA polymerase I (Sambrook et al., 1989) . Binding reactions were prepared by mixing protein solution in binding buffer (20 mM Hepes pH 7.9, 40 mM KCl, 1 mM EDTA, 1 mM DTT), 50 ng poly(dG-dC) poly(dG-dC) and the end-labeled probe (20 000-40 000 cpm per reaction) in a final volume of 10 µl. After incubation on ice for 1-2 h, binding complexes were resolved by 4% (Figures 3c, 5a , 5c, 6c, 7e), 5% (Figures 2b, 3b, 6b, 7b, 7c, 7d, 6e, 6f) and 7% (Figure 1b ,c) PAGE in 0.5ϫ TBE buffer at room temperature. After running for 2-5 h at 10 V cm -1 , gels were dried and autoradiographed.
Protein extraction and Western analysis
Rice seedlings were grown in the dark at 30°C for 5 days. After light treatment, the plant material was immediately frozen with liquid nitrogen. Shoots were ground in a mortar with liquid nitrogen, resuspended in Buffer A (125 mM Tris HCl pH 8.8, 1% (w/v) SDS, 10% (v/v) glycerol, 50 mM Na 2 S 2 O 5 , 3 ml per g of fresh weigth), transfered to Eppendorf tubes, boiled and centrifuged at maximum speed (13 000 g) for 10 min. An aliquot of the supernatant was used to determine protein concentration using BioRad Dc Protein Assay (Bio-Rad Lab, Hercules, CA, USA). The rest was diluted with 1/10 volume of Buffer B (125 mM Tris HCl pH 6.8, 12% (w/v) SDS, 10% (v/v) glycerol, 22% (v/v) β-mercaptoethanol, 0.001% (w/v) bromophenol blue). After gel running (SDS-8% PAGE for GT-2 and PHYA; SDS-12% PAGE for PF1), proteins were transferred to Immobilon-P membranes and probed with: (i) mice polyclonal antibodies produced against recombinant PF1 (1:5000 dilution; Nieto-Sotelo et al., 1994) and GT-2 (1:10 000 dilution; Dehesh et al., 1992) ; and (2) mice monoclonal antibodies against monocot phyA (1:1000 dilution; Boylan et al., 1994) . Immunochemical detection of the proteins was performed using an enhanced chemiluminescent method (Pierce, Rockford, IL, USA).
